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TECHNICAL MEMORANDUM X- 64609 


SKYLAB THREE-AXIS MOTION PLATFORM 
TEST RESULTS 

SUMMARY 


This report presents the results of a series of tests conducted on the 
Skylab three-axis motion platform (STAMP) to establish its performance 
capabilities. Included in the test series are frequency response, transient 
response, servosystem stiffness, dynamic position and rate accuracy, friction 
and stiction, and parameter sensitivity tests. The results pinpoint some of 
the system's deficiencies and document the nonlinear characteristics of the 
system. Investigators utilizing the STAMP will find these test results helpful 
in planning their experiments. A qualitative summary of the STAMP’S per- 
formance is given in Table i. The data supporting this table are in the body of 
the report. The results of these tests will also be used in the development of a 
nonlinear mathematical model of the STAMP'S servocontrol system. 


INTRODUCTION 


The STAMP is a large, computer-controlled, three-degree-of-freedom 
dynamic simulator that was built to check out prototype hardware , computer 
software , and attitude control systems that utilize control moment gyros 
(CMG's) . A series of tests were conducted on the STAMP to establish its 
performance capabilities. Appendix A briefly describes the physical character- 
istics and the maneuvering capabilities of the STAMP. Two views of the 
STAMP are shown in Figures la and lb. 

The STAMP was designed to check out the Apollo Telescope Mount 
(ATM) system. The specific objectives were to design a system with a 
relatively wide dynamic range of operation and also one that was highly respon- 
sive to small command signals. iTo determine the precise operational capa- 
bilities of the STAMP to a broad variety of conditions and to establish its 
adequacy for the Skylab project, a comprehensive test program was initiated. 
The test program consisted essentially of six different tests that will be 
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Figure lb. Bottom view of the STAMP with steel plates mounted on the load platform. 


described and discussed in subsequent sections. A secondary objective of the 
test program was to obtain data to define the nonlinear characteristics of the 
STAMP and thereby complete the derivation of a mathematical model of the 
Skylab simulation laboratory CMG attitude control system. The data necessary 
to meet these objectives required the operation of the simulation laboratory's 
equipment in several different modes. These modes of operation and the 
equipment used in the test program, plus some of the difficulties encountered 
in its operation, are described. 


SYSTEM DESCRIPTION 

The STAMP has two primary modes of operation — analog and digital; 
however, the analog mode can be further configured into a position or rate 
mode of operation. The analog- rate, analog-position, and digital modes have 
parallel inputs of a rate and a position signal as shown in the simplified block 
diagram of Figure 2. The configuration of Figure 2, with the three additional 
amplifiers and a signal generator, was used for testing in the analog mode of 
operation. In the analog- rate mode , the position-error amplifier inputs are 
grounded and the capacitor is paralleled with a resistor to remove any residual 
charge. Normally, the STAMP will be operated in the digital mode. 

When referring to the STAMP, the following equipment is considered 
as part of the system: the three-axis gimbaled platform, electrohydraulic 
servovalves, hydraulic actuators, tachometers, potentiometers, inductosyns, 
differential pressure transducers , and control electronics that complete the 
position, rate, and pressure feedback loops. In the simplified block diagram 
of Figure 2, the filters or shaping networks used to suppress certain system 
resonances are omitted. The additional equipment necessary to operate the 
STAMP in the digital mode is shown in the block diagram of Figure 3. 

The hydraulic actuators for the three gimbals consist of a double- vane 
actuator for the outer gimbal or sidereal axis, a single-vane type for the 
middle gimbal or yaw axis , and a pair of hydraulic motors for the inner gimbal 
or roll axis. The sidereal- and yaw-axis actuators are connected directly to 
those gimbals through flexible couplings, but the roll -axis hydraulic motors 
are connected by gears to the roll gimbal. Each hydraulic motor is preloaded 
to eliminate backlash and arranged so that one motor drives the roll gimbal 
clockwise and the other motor drives the gimbal counterclockwise. 

The electrohydraulic servovalves used for each gimbal are the same 
type but have different capacities. The roll and yaw axes have servovalves 
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Figure 2. Block diagram for a single axis of the STAMP. 



Figure 3. Block diagram for a single axis of the STAMP 
in the digital mode of operation. 
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with a 9. 48 x 10 2 cm 3 /s rating and the- sidereal servovalve has a 2. 53 x 10 3 
cm 3 /s rating. The sidereal axis uses two 2. 53 x 10 3 cm 3 /s servovalves in 
parallel operation to handle its large flow requirements. When the originally 
supplied servovalves were tested, they were found to have considerable leakage. 
Higher quality valves were obtained with less leakage as shown in Figure 4. 
Initial testing of the STAMP with the replacement valves indicated improved 
performance; however, more recent tests with both the replacement and the 
original yalves indicate no significant difference in the dynamic performance as 
expressed with a frequency response plot as shown in Figure 5. 

Of the number of difficulties encountered while testing the STAMP, 
only four interruptions can be attributed to the STAMP equipment. One shut- 
down occurred when the yaw-axis servovalve spool stuck because of silt; it 
was repaired by removing it and flushing it out. The other three shutdowns 
occurred because of the electronics associated with the inductosyn's digital 
encoders. The printed circuit (PC) boards on which these circuits are located 
have the appearance of a breadboard rather than a finished project. These 
PC boards need to be reworked or replaced if this source of . difficulty is to be 
eliminated. 

Seven other interruptions were caused by difficulties associated with 
the Sigma-V digital computer or the data link. Four of these shutdowns 
resulted from component failures in the data link and one required an adjust- 
ment of the timing. One of the two interruptions attributed to the Sigma-V 
was caused by moisture in the unit and the other was caused by an equipment 
modification that was incorrect. The potential sources of trouble for the 
total system appear to be the data link and the digital encoders. 


PERFORMANCE REQUIREMENTS 


A realistic set of performance requirements for the STAMP should be 
based on the expected performance of the Skylab flight vehicle. However, 
many of the variables and parameters for the Skylab are not known precisely 
or are subject to modification as additional information becomes available; 
therefore, there is a tendency to over specify the performance requirements 
of the STAMP to provide a margin of safety which, unfortunately, often exceeds 
the capability of the equipment. The nonlinear characteristics of the STAMP 
further add to the complexity of defining a good set of performance 
requirements. 
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Figure 4. Flow curves of roll-axis servovalves. 
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Figure 5. Roll-axis frequency response for 0. 03 deg/s input signal, 
analog-position mode, for original and replacement servovalves. 



The performance requirements presented here are a composite of 
requirements taken from two documents: the NASA acceptance test report for 
the STAMP [1] and the Skylab integration test plan [2]. The performance 
requirements are presented here without further comment. An analysis of the 
test results and a comparison with these requirements are presented in a 
later section. 

1. Frequency response — For rate sinusoidal input signal levels from 
0. 01 to 3. 5 deg/s, the following results are expected: 

a. Bandwidth - 0 to 5 Hz < 3 dB down at 5 Hz. 

b. Phase shift - < 45 deg from 0 to 5 Hz. 

c. Noise level - Jitter < 0. 001 deg/s at 5 Hz. 

2. Transient response — For rate step input levels from 0. 01 to 

3. 5 deg/s, the following results are expected: 

a. Stability — Damping ratio < 0. 5. 

b. Linearity — ± 20 percent at rates from 0. 01 to 1 deg/s. 

c. Rise and fall times — < 0. 05 s. 

3. Servosystem stiffness — This test is described as a static or steady 
state test [1] but was not actually performed at MSFC. The required stiffness 
is given as 6. 77 x 10 4 N-m/deg or higher. In the STAMP test program, this 
test was performed dynamically. 

4. Dynamic position and rate accuracy. 

a. The dynamic position accuracy will be checked to be 0. 005 deg 

or better. 

b. The dynamic rate accuracy will be checked to be 0. 02 deg/s 
or better for sinusoidal motions of 2 deg peak to peak to 0. 637 Hz. 

5. Friction and stiction of the gimbals — Design values of friction 
and stiction are numerically the same; for each axis they are: 

a. Sidereal axis - 2710 N-m. 

b. Yaw axis - 1355 N-m. 

c. Roll axis - 8130 N-m. 
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TEST RESULTS 


Frequency Response Test 

Frequency response data were taken on the STAMP to obtain an indication 
of its dynamic range and to help characterize its nonlinearities. Each of the 
three axes was tested separately in both the analog^position mode (Fig. 2) 
and in the digital mode (Fig. 6) . For both configurations, a Boonshaft fre- 
quency analyzer was used to supply the excitation rate signal and to analyze 
the response from the gimbal tachometers. Although the input signal is a 
smooth sine wave, the response as measured by the tachometer is not, as 
shown in Figure 7 for the sidereal tachometer. The Boonshaft analyzer uses 
only the fundamental frequency component of the tachometer output signal to 
compute the amplitude and phase responses; therefore, the results are fre- 
quency responses only in a describing function sense. It should be understood 
that all responses presented in this section are closed-loop responses to sine 
wave inputs and that for different types of inputs, such as square waves, 
a different response would likely result. 

The magnitude of the input signal was varied from 0. 002 to 1 deg/s. 

At the low signal levels , the tachometer output signal was boosted by a gain 
of 100 to increase the accuracy of the Boonshaft analysis. For signal levels 
below 0. 002 deg/s, the Boonshaft did not give consistent results because of the 
low voltage of the signals and the noise content in the response signal. When 
the CMG's were running, the noise level in the output signals increased and 
the lowest input signal to give consistent results was 0. 005 deg/s. Frequency 
responses with the input signal larger than 1 deg/s were not run because the 
responses at 0. 5 and 1 deg/s appeared to be adequate; i. e. , the bandwidth 
was approximately 5 Hz; thus testing was concentrated at the lower signal 
levels. 


In the analog-position mode (Fig. 2 ) , the STAMP was tested for two 
different cases: the first used steel plates mounted on the STAMP'S load 
plate to simulate the weight of the CMG's which were not available at that 
time. The second case had the CMG’s mounted in the torque measuring fix- 
tures (TMF's) on the load plate and running at nominal speed (7800 rpm). 

The responses for the analog-position mode for the steel plate case of the 
yaw axis are shown in Figures 8 through 14, and the responses for the analog- 
position mode for the CMG case of the yaw axis are shown in Figures 15 
through 19. In the digital mode (Fig. 7) , the CMG's were mounted in the 
TMF’s and running at nominal speed. The responses for the digital mode of 
the yaw axis are shown in Figures 20 through 23. 
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Figure 6. Configuration for frequency response test in the digital mode. 



TACHOMETER TACHOMETER 

RESPONSE FILTERED RESPONSE 


POSITION 

RESPONSE 


INPUT SIGNAL = 0.05 deg/s PEAK AT 0.01 Hz 
ALL AXES* 0 deg 


Figure 7. Sidereal-axis tachometer response, analog-position 

mode, CMG case. 
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AMPLITUDE (dB) AMPLITUDE (dB) 



Figure 8. Yaw-axis frequency response for 0. 002 deg/s input signal, 
analog-position mode , steel plate case. 



Figure 9. Yaw-axis frequency response for 0. 005 deg/s input signal, 
analog-position mode, steel plate case. 
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0.01 0.1 1.0 10.0 

FREQUENCY (Hz) 


Figure 10. Yaw-axis frequency response for 0. 01 deg/s input signal, 
analog-position mode, steel plate case. 



O.OI 0.1 1.0 10.0 

FREQUENCY (Hz) 


Figure 11. Yaw -axis frequency response for 0. 03 deg/s input signal, 
analog-position mode, steel plate case. 

13 



AMPLITUDE (dB) AMPLITUDE (dB) 



Figure 12. Yaw-axis frequency response for 0. i deg/s input signal, 
analog-position mode, steel plate case. 
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Figure 13. Yaw-axis frequency response for 0. 5 deg/s input signal, 
analog-position mode, steel plate case. 


PHASE (deg) PHASE (deg) 






AMPLITUDE (dB) AMPLITUDE (dB) 



Figure 14. Yaw-axis frequency response for 1. 0 deg/s input signal, 
analog-position mode, steel plate case. 



Figure 15. Yaw -axis frequency response for 0. 005 deg/s input signal, 
analog-position mode, CMG case. 
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PHASE (deg) PHASE (deg) 






Figure 16. Yaw-axis frequency response for 0. 01 deg/s input signal, 
analog-position mode, CMG case. 



Figure 17. Yaw -axis frequency response for 0. 05 deg/s input signal, 
analog-position mode, CMG case. 
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PHASE (deg) PHASE (deg) 





AMPLITUDE (dB) AMPLITUDE (dB) 



Figure 18. Yaw-axis frequency response for 0. 10 deg/s input signal, 
analog-position mode, CMG case. 



Figure 19. Yaw-axis frequency response for 0. 5 deg/s input signal, 
analog-position mode, CMG case. 
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PHASE (deg) PHASE (deg) 






AMPLITUDE (dB) AMPLITUDE <dB) 



Figure 20. Yaw-axis frequency response for 0. 005 deg/s input signal, 

digital mode, CMG case. 



Figure 21. Yaw -axis frequency response for 0. 01 deg/s input signal, 

digital mode, CMG case. 
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AMPLITUDE (dB) AMPLITUDE (dB) 



0.01 0.1 1.0 10.0 

FREQUENCY (Hz) 

Figure 22. Yaw -axis frequency response for 0. 1 deg/s input signal, 

digital mode, CMG case. 



FREQUENCY (Hz) 

Figure 23. Yaw-axis frequency response for 0. 5 deg/s input signal, 

digital mode, CMG case. 
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Examination of the frequency response plots of the yaw axis (Figs. 8 
through 23) establishes the STAMP as a complex nonlinear system. This is 
manifested by the system's dependency on the level of the input signal ampli- 
tude as reflected by the corresponding variations in the system's bandwidth, 
order, and damping, as well as a variation in the system's responses. Varia- 
tions in all four of these characteristics are present in all three sets of data 
and for all three of the STAMP'S axes. The nonlinear complexity of the 
system is compounded by the coupling of the dynamics of the running CMG- 
TMF combination with the dynamics of the STAMP. The effect and full extent 
of this coupling have not been determined. 

The Skylab integration test plan [2] calls for a bandwidth of 5 Hz for 
input signal levels from 0. 01 to 3. 5 deg/s. Figures 8 through 23 for the yaw 
axis and the figures in Appendix B for the roll and sidereal axes show that 
these specifications apparently are not met. The 5-Hz bandwidth is attained 
only from signal levels of 1 deg/s or greater for the roll and yaw axes and 
0. 5 deg/s or greater for the sidereal axis. The bandwidth for a signal level 
of 0. 1 deg/s in the digital mode (Fig. 21) is only 0. 31 Hz, which is not an 
insignificant deficiency. Its practical aspects mean the STAMP may be 
incapable of coping with low-level, short-duration disturbances, such as those 
expected from astronaut movements within the Skylab. 

The complex nonlinearity of the STAMP should make one cautious 
about making precise interpretations of such experimental data as presented 
in this section; however, some overall observations appear to be in order. 

The correspondence between the load plate, analog, and digital responses for 
each axis appears to be good, considering the data were accumulated over a 
period of 6 months. In general, the responses with the CMG's running, both 
analog and digital , have slightly broader bandwidths than the steel plate 
responses. This is attributed to the additional noise in the tachometer signals 
which apparently acts as a dither signal to the hydraulic servocontrol loop. 

A similar type of nonlinearity appears to be present in the yaw and 
sidereal axes, but the roll axis responses do not exhibit an extra high frequency 
( 2 to 6 Hz) resonant peak. The data for the sidereal and yaw axes were taken 
with all the gimbals at 0 deg, but the data for the roll axis were taken with the 
yaw axis at approximately 34 deg or with the load platform level with respect 
to the ground. With the gimbals at the zero position, a check was made of 
the cross-coupling between the gimbals; in all cases it was extremely small. 
Figure 24 shows the sidereal and yaw axes coupling with a resonant peak of 
-17. 5 dB occurring at 4 Hz. This was the maximum amount of cross- 
coupling recorded. Theoretically, the coupling between the sidereal axis 
and the roll axis will be a maximum for a yaw-gimbal angle of 90 deg [3]. 
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Figure 24. Sidereal-yaw-axis coupling amplitude frequency response 
for 0. 5 deg/s input signal, analog-position mode, CMG case. 
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Transient Response Test 


The transient response of a complex nonlinear system, such as the 
STAMP, to a step input depends on the amplitude of the step command. The 
response of a nonlinear system to a particular step function input gives 
information pertaining to that specific input and usually nothing more. How- 
ever, as with the frequency response test, obtaining the transient response 
characteristics for a set of step function inputs of different magnitudes pro- 
vides the spread that these characteristics will assume in the proposed 
operating range of the STAMP. The transient response data will be of parti- 
cular importance in developing the nonlinear mathematical model of the 
STAMP for computer simulation. 

The STAMP was tested in all three modes of operation with steel plates 
or CMG's mounted on the load platform. A response for each of the three 
modes of operation is shown in Figure 25. All the response data were reduced 
to tabular form by calculating the rise time, overshoot, and settling time. 

The standard definitions of these transient response characteristics [ 4] are 
illustrated in Figure 26. 

For the analog-rate mode of operation, with the CMG's mounted and 
running at nominal speed, the transient response characteristics were: a 
rise time of less than 0. 5 s, an overshoot of 0, and a settling time of less 
than. 2 s. These parameters were relatively constant over the range of step 
inputs from 0. 01 to 2 deg/s. The data were taken primarily to check against 
the nonlinear mathematical model of the STAMP under current development. 

Transient responses with the STAMP in the analog-position mode were 
taken with either steel plates or CMG's mounted on the load platform. Table 2 
shows the response characteristics for the steel plate case for the roll and 
yaw axes. The CMG's were mounted on the load platform before the test 
could be completed, so that data for the sidereal axis with steel plates were 
not obtained. The results show that for this mode of operation, the STAMP 
has a rise time of 1 to 2 s, no overshoot, and a settling time of 2 to 3 s for 
step inputs of 0. 01 to 2 deg. Table 3 gives the results of the STAMP in the 
analog-position mode but with the CMG's mounted and running. A comparison 
of the results in Tables 2 and 3 indicates that the addition of the CMG's to the 
system tends to destabilize the system. All the axes in Table 3 exhibit some 
overshoot; in fact, 80 percent of the responses result in overshoot. Also, 
the settling times are longer than those for the same test signals in Table 2 
(at least for 35 percent of the cases). The rise times in Table 3 appear to 
be slightly shorter than those in Table 2. The changes in the transient 
response characteristics caused by the CMG operation are not unexpected. 
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TABLE 2. STEP RESPONSE CHARACTERISTICS FOR ANALOG- POSITION MODE 

STEEL PLATE CASE 




















TABLE 3. STEP RESPONSE CHARACTERISTICS FOR ANALOG- POSITION MODE, CMG CASE 
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The noise added to the system because of the CMG's running has the effect of 
adding a dither signal to the servocontrol system; hence, a more responsive 
system results. 

Results from the digital mode of operation, with the CMG's mounted 
and running, are given in Table 4. There does not appear to be any consistent 
improvement in the characteristics of Table 4 over those of Table 3. The 
settling times of the roll and sidereal axes appear better in the digital mode , 
but the yaw-axis settling time is about the same for both modes of operation. 

A close correspondence of the data for analog and digital modes of operation 
was also observed in the frequency response data. 

In addition to the foregoing transient response tests, another series of 
low-level step signal responses were run in the digital mode for the 1 arc s 
to 1 arc min range. The primary objective of these tests was to determine the 
accuracy of the STAMP to low-level signal commands. The transient response 
data were reduced to the standard characteristics and are presented in 
Tables 5 and 6 for the steel plate and CMG cases, respectively. In the steel 
plate case (Table 5) , the rise time is 1 to 3 s and the settling time is 2 to 
4 s. The yaw and sidereal axes have practically no overshoot, while the 
overshoot in the roll axis varied considerably with the input signal amplitude. 

The responses of the roll, yaw, and sidereal axes to commands of i, 

2, 3, and 5 arc s for the steel plate case are shown in Figures 27, 28, and 29, 
respectively. The error signal , rather than the command signal , is shown in 
these traces. When the Sigma-V digital computer executes a change in the 
command signal , a clamp mode , shown in all three figures , holds the recorder 
at the last instantaneous value at which the clamp was energized; therefore, the 
clamped value is not necessarily the average value of the gimbal position. 

The accuracy for all these low-level signals is less than 0. 5 arc s for all 
three axes. 

For the low-level responses in the CMG case (Table 6) , the inductosyn 
outputs were filtered before they were analyzed because of some additional 
noise in the response, as shown in Figures 30, 31, and 32. The accuracy for 
all axes in this case was also less than 0. 5 arc s after the transients dis- 
appeared. The slightly larger variations observed in the recording are 
caused by clamping an instantaneous value of the noise. In Figures 30 and 31 
the command signals were 1, 2, 3, and 5 arc s, and in Figure 32 the com- 
mands were 2, 3, and 5 arc s. Sporadically, a limit cycle would occur in the 
sidereal axis response. The limit cycle had a period of 40 to 60 s and a peak 
amplitude of approximately 38 arc s as shown in Figure 33. It was observed 
that when the STAMP was commanded to zero position from teletype No. 2 
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TABLE 4. STEP RESPONSE CHARACTERISTICS FOR DIGITAL MODE, CMG CASE 
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TABLE 5. TRANSIENT CHARACTERISTICS OF STEP RESPONSES WITH STAMP 

IN DIGITAL MODE, STEEL PLATE CASE 
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TABLE 6. TRANSIENT CHARACTERISTICS OF STEP RESPONSE WITH STAMP 

IN DIGITAL MODE, CMG CASE 
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YAW AXIS 
COMMAND 

I line = I sec 


ROLL AXIS 
RESPONSE^ 

2 lines = I see 


YAW AXIS 
RESPONSE^ 

2 lines = I sec 


SIDEREAL AXIS 
I line * I sec 


YAW AXIS 
RESPONSE 
FILTERED^ 
2 lines - I sec 



Figure 3i. Yaw-axis position response to low-level signal inputs, 

digital mode, CMG case. 
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Figure 33. STAMP'S gimbal responses to zero-signal input, 
digital mode, CMG case. 
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( Fig. 3) , rather than teletype No. 1 , the limit cycle did not occur. This 
indicates that the cause of the limit cycle originates in the Sigma-V data link 
combination. 

When the results from all the foregoing tests are compared to Test 
No. ill [2] , the STAMP overshoot meets the expected results in 15 out of 
18 tests and the actual rise time is 20 to 40 times greater than expected. The 
expected linearity of the response was achieved for all test cases. 


Dynamic Position and Rate Accuracies 

The objective of the STAMP'S servoactuator system is to move or 
position the load platform so as to faithfully represent the motion of the Skylab 
spacecraft. An indication of this motion is obtained from the gimbal tachome- 
ters, potentiometers, and inductosyns. The tachometers provide rate informa- 
tion while the potentiometers and inductosyns provide analog and digital 
position information, respectively. Data were obtained on these instruments 
with and without the CMG's running. 

The dynamic position accuracy is specified as 0. 005 deg or better. 

For the sidereal axis potentiometer, this specification at or close to 0-deg 
gimbal position is not met. The test configuration was as shown in Figure 2 
with a sinusoidal rate input signal of 0. 10-deg/s peak at 0. 01 Hz and a result- 
ing position command signal of 0. 288-deg peak. Figure 34 shows the potenti- 
ometer and inductosyn responses for the sidereal axis at 0-deg nominal, and 
Figure 35 shows the input signal and the potentiometer response with the 
sidereal axis at 1. 8 deg. In Figure 34, the potentiometer response does not 
meet the specification but the inductosyn does; the error measured for the 
given conditions is 0. 0065 deg for the inductosyn and 0. 161 deg for the 
potentiometer. For the sidereal axis commanded about the 1.8-deg position, 
the potentiometer output (Fig. 35) has an error of 0.026 deg. If the response 
of the inductosyn of Figure 34 is compared with the response of the potentiometer 
of Figure 35, a common irregularity will be observed immediately after the 
peaks on the right side occur. This indicates the irregularity is caused by the 
gimbal system (bearings, actuator, etc.) rather than the individual instruments. 
The irregular response of the sidereal potentiometer could adversely affect the 
performance of the earth-rate drive at 0 deg. In the normal mode of operation, 
however, the position feedback signals utilized for control of all the STAMP'S 
gimbals will be provided by the inductosyns. 
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INPUT SIGNAL = 0.288 deg PEAK AT 0.01 Hz 
SIDEREAL AXIS AT ZERO deg 

Figure 34. Sidereal-axis position responses at zero deg, 
analog-position mode, steel plate case. 
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The potentiometer and indue tosyn responses for the yaw and roll axes 
are shown in Figures 36 and 37, respectively. The error in the inductosyn 
and potentiometer responses for both gimbals is less than 0. 005 deg; a summary 
of the potentiometer and inductosyn errors is given in Table 7. All the position 
responses have a slight flattening on the peaks; this is the effect of the dead- 
zone nonlinearity of the STAMP system and is not attributed to the 
instrumentation. 

At least two sets of data were taken on the tachometer for each axis; 
one set shows the tachometer response with the CMG's running and the other 
with the CMG's shut down. Rate smoothness or rate error is measured as 
shown in Figure 38. 

The rate responses for the roll axis are shown in Figures 39 and 40, 
for the yaw axis in Figures 41 and 42, and for the sidereal axis in Figures 43, 
44, 45, and 46. The maximum rate errors are given in Table 8 and it is 
evident that only the yaw gimbal tachometer without the CMG's running meets 
the required specification of 0. 02 deg/s. The errors given in Table 8 are 
larger than the corresponding values given in Reference i. One reason for 
these larger errors is that the contractor filtered the tachometer output 
signal with a second-order 12-Hz filter before recording the responses; this 
could easily account for the difference in the rate errors. All the rate 
responses exhibit a flat spot at the zero crossover point, which is character- 
istic of a dead-zone nonlinear system response. 

In summary, the roll and yaw axes potentiometers and inductosyns 
meet the specifications while the sidereal axis potentiometer does not meet 
the specifications. The sidereal axis inductosyn came very close to meeting 
the specification and will probably be satisfactory. The yaw axis tachometer 
meets the specification without the CMG's running but does not with the 
CMG's running. The roll and sidereal tachometer errors exceed the specifi- 
cation by a considerable amount and the maximum errors are due to the dead- 
zone nonlinear characteristic of the STAMP. No special effort was made to 
obtain worst-case results in any of these tests. 


Stiffness Test 

A position servosy stem's stiffness is a measure of the system's 
capability to resist movement resulting from disturbance torques. The 
STAMP'S specifications call for a servosystem stiffness of 6. 77 x 10 4 N-m/deg 
or higher for each axis. The technique described in Reference 1 for measuring 


41 




POTENTIOMETER RESPONSE 


1NDUCTOSYN RESPONSE 


INPUT SIGNAL = 0.198 deg PEAK AT 0.01 Hz 


Figure 36. Yaw-axis position responses at zero deg, 
analog-position mode , steel plate case. 
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POTENTIOMETER RESPONSE INDUCTOSYN RESPONSE 


INPUT SIGNAL = 0.267 deg PEAK AT 0.01 Hz 
YAW AXIS AT 34 deg 


Figure 37. Roll-axis position responses at zero deg, 
analog-position mode, steel plate case. 
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TABLE 7. DYNAMIC POSITION ACCURACY FOR STAMP’S 
POTENTIOMETERS AND INDUCTOSYNS a 


Axis 

(deg) 

Sinusoidal 
Command 
at 0. 01 Hz 
(deg/s -peak) 

Response Error (deg) 

Potentiometer 

Inductosyn 

Roll -0 

0. 10 

0. 005 

0. 0044 

Yaw -0 

0. 10 

0. 005 

0. 0044 

Sidereal -0 

0. 10 

0. 161 

0. 0065 

-1. 8 

0. 10 

0. 026 

0. 0065 


a. Specification < 0. 005 deg 


TABLE 8. DYNAMIC RATE ACCURACY FOR STAMP’S TACHOMETERS a 


Axis 

Sinusoidal 
Command 
at 0. 1 Hz 

(deg/s-peak to peak) 

Maximum Rate Perturbation 
(deg/s-peak) 

CMG's Not Running 

CMG's Running 

Roll 

0. 15 

0. 075 

0. 04 

Yaw 

0. 30 

0. 016 

0. 05 

Sidereal 

0. 30 

0. 06 

0.06 


0. 60 

0. 11 

0. 25 


a. Specification < 0. 02 deg/s 
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INPUT SIGNAL TACHOMETER RESPONSE 


INPUT SIGNAL - 0.075 (tog/s AT 0.1 Hz 
YAW AXIS AT 34 dag 


Figure 39. Roll -axis rate response, analog-position mode, steel plate case. 
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INPUT SIGNAL TACHOMETER RESPONSE 

INPUT SIGNAL = 0.075 deg/s PEAK AT 0.1 Hz 
YAW AXIS AT 34 deg 

Figure 40. Roll-axis rate response, analog-position mode, CMG case. 


46 



47 




INPUT SIGNAL 



INPUT SIGNAL - 0.15 deg/s PEAK AT 0.1 Hz 

Figure 42. Yaw-axis rate response, analog-position mode , CMG case. 
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INPUT SIGNAL 


TACHOMETER RESPONSE 


INPUT SIGNAL = 0.15 deg/s PEAK AT 0.1 Hz 

Figure 43. Sidereal-axis rate response , analog-position mode , 

steel plate case. 




INPUT SIGNAL 


TACHOMETER RESPONSE 


INPUT SIGNAL = 0.15 deg/s PEAK AT 0.1 Hz 

Figure 45. Side real -axis rate response, analog-position mode , CMG case. 
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the servosystem's stiffness results in a steady state value of stiffness; however, 
at MSFC, the stiffness tests were made dynamically. 

Dynamic stiffness tests were conducted by applying both step and 
sinusoidal signals of various magnitudes and frequencies to individual gimbals 
of the CMG's mounted on the STAMP’S platform or load plate. Since the 
reaction torques of the CMG's are known for specific inputs, as well as the 
CMG's orientation with respect to the STAMP'S axes, the disturbance torques 
applied to a particular STAMP axis were also known or could be calculated. 

The orientation of the CMG's gimbals and the STAMP'S axes is shown in 
Figure 47. With all the CMG and STAMP gimbals at nominally zero positions, 
a rate command to a given CMG gimbal results primarily in a torque about a 
specific STAMP gimbal. The relationships between the CMG and STAMP 
gimbals as determined from Figure 47 and the cross-product law are: 

CMG Gimbal STAMP Gimbal 


X inner 

Roll 

X outer 

Yaw 

Y inner 

Sidereal 

Y outer 

Roll 

Z inner 

Yaw 

Z outer 

Sidereal 


The results of the stiffness tests are given in Tables 9, 10, 11, and 
12. The shaded boxes are the input signals given in either magnitudes or 
frequencies; the other boxes are the measured responses. The rate response 
signals for the CMG's and STAMP'S gimbals were impulses or spikes and not 
sustained rate errors. The deflection responses for the STAMP'S gimbal 
were both trapezoidal- and triangular-shaped pulses of 1- to 5-s duration. 

The values given in the tables are the peak values for the maximum responses; 
i. e. , the triangular-shaped responses. The trapezoidal -shaped responses 
resulted from the initial step disturbance and the triangular-shaped responses 
resulted from the return to zero step. The input step commands were 10- 
to 20 -s duration or of sufficient time to allow the gimbal to return to its 
commanded zero position. 

From the data of Tables 9, 10, 11, and 12, only the yaw-axis gimbal 
experienced any measurable deflection to either the step or sinusoidal distur- 
bances. Note that the deflections are not proportional to the disturbance 
signals; the larger disturbance signals result in relatively large deflections. 
From Table 11 it is apparent that the deflections are also frequency dependent. 
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LOAD PLATFORM 



OUTER GIMBAL OR 
SIDEREAL AXIS 


’INNER GIMBAL OR 
ROLL AXIS 


IG( j ) SA( j ) OG( j ) CMG COORDINATE SYSTEM 


IG- INNER GIMBAL AXIS 
OG- OUTER GIMBAL AXIS 
SA-SPIN AXIS 


Figure 47. Coordinates for the STAMP and CMG's mounted 
on the load platform. 



TABLE 9. MEASUREMENTS OF THE STAMP'S SERVOSYSTEM STIFFNESS — THE STAMP AND CMG 
RESPONSES TO STEP RATE COMMANDS APPLIED TO THE CMG SERVOS. INPUT SIGNAL 

AMPLITUDES ARE 3. 5, i. 5, and 0. 75 deg/s 

















































TABLE 11. MEASUREMENTS OF THE STAMP’S SERVOSYSTEM STIFFNESS — THE STAMP AND CMG 
RESPONSES TO SINUSOIDAL RATE COMMANDS APPLIED TO THE CMG SERVOS. 

INPUT SIGNAL AMPLITUDE OF 3. 5 deg/s PEAK ATI, 0.1, AND 0. 01 Hz. 
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TABLE 12. MEASUREMENTS OF THE STAMP'S SERVOSYSTEM STIFFNESS - THE STAMP AND CMG 


RESPONSES TO SINUSOIDAL RATE COMMAND APPLIED TO THE CMG SERVOS. 

INPUT SIGNAL FREQUENCY IS 3. 5 Hz. 

STAMP Gimbal Response 

Sidereal Axis 

Rate 

(deg/s) 

1 1 i 

1 1 1 

0. 06 

0. 01 

0. 01 

0. 03 
0. 02 
0. 01 

0. 023 
0. 01 
0. 006 

0. 01 
0. 01 
0. 006 

Position 
(arc s) 

i 1 1 

1 1 1 

1 1 1 

1 1 1 

i I 1 

1 1 i 

Yaw Axis 

Rate 

(deg/s) 

0. 173 
0. 16 
0. 113 

0. 2 
0. 165 
0. 105 

0. 01 
0. 007 
0. 007 

0. 02 
0. 01 
0. 007 

0. 2 
0. 165 
0. 133 

CO 

<M <N ^th 

« • • 

o o o 

Position 
(arc s) 

00 00 O 

'»—) t-4 t— I 

iO CM 00 
<N <N ^ 

r i i 

1 f 1 

O O 00 
CQ CO rH 

O 00 00 

tH -t— 1 -H 

Roll Axis 

Rate 

(deg/s) 

1 1 1 

1 1 1 

t ( ( 

1 1 I 

1 1 I 

1 1 1 

Position 
(arc s) 

1 1 1 

1 I 1 

i i i 

1 1 1 

1 1 1 

1 1 i 

CD 

CQ 

a 

o 

a 

CQ 

CD 

<D 

O > 
o wi 
N $ 

0. 075 
0. 065 
0. 003 

0. 09 
0. 04 
0. 013 

0. 004 
0. 004 
0. 002 

0. 006 
0. 002 
0. 002 

CO CO CD 

• • • 

'T’H tH O 

3. 2 
1. 6 
1 

T3 

0. 11 

0. 1 

0. 022 

0. 115 
0. 1 
0. 03 

i 1 I 

i 1 t 

(M CD H 
• • • 

CO ■'•“1 

LO 

CO ID t> 

m • • 

- 1 — 1 -rH o 

rh "CQ 

o 

* % 

1 1 1 

1 1 1 

CO (M CD 
’t— ( O 

2. 6 
1. 15 
0. 50 

0. 002 

1 1 1 

d 

K 

i— 1 

ai 

43 

S 

s 

o 

S 

o 

2 60 
x ■§ 

1 1 1 

1 i 1 

3.4 

1.2 

0.8 

2.0 

1.4 

0.7 

0. 004 
0. 002 

I 1 1 

OG 

(deg/s) 

^ rH CD 
• • * 
-rH -rH o 

3. 2 
1.7 
1.1 

0. 002 

0. 003 

0. 12 
0. 13 
0. 07 

0. 125 
0. 105 
0. 070 

*10 

(deg/s) 

1 00 00 tH 

• • • 

CO -H -tH 

2 

1-5 
0. 78 

1 1 1 

1 1 1 

0. 055 
0. 04 
0. 02 

0. 05 
0. 05 
0. 02 
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The stiffness of the STAMP'S yaw axis for a 3. 5 deg/s step command to the 
X-CMG outer gimbal, which corresponds to 162 N-m of torque, is 


stiffness 


applied torque 
deflection 


162 N-m 
90 arc s 

= 6500 N-m/deg. 


For a 5 deg/s sinusoidal command, at 1 Hz, applied to the inner gimbal of the 
Z-CMG, the STAMP'S yaw gimbal has a stiffness of 


stiffness 


231 N-m 
360 arc s 


= 2310 N-m/deg. 

The specification of stiffness is 6. 77 x 10 4 N-m/deg or more for each 
axis. The above results for the yaw axis are approximately 30 times below 
the specified value. This softness of the yaw axis is not a newly discovered 
deficiency; it has been observed since the equipment's initial operation. Since 
the sidereal- and roll-axis deflections were below the sensitivity of the 
instrumentation employed in this test, their stiffness is well above the required 
specification. The yaw-axis servosystem's softness may be due to more than 
a single deficient component. Additional testing will be required to identify 
the causes for this softness. 


Gimbal Friction 


The design values of running friction and breakaway friction or stiction 
as given in Reference 5 are: 

Gimbal Friction (N-m) Stiction (N-m) 


Roll 

678 

•* 

678 

Yaw 

112 


112 

Sidereal 

226 


226 
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Since friction and stiction are nonlinear phenomena and could, if 
excessive, detract from the desired performance of the STAMP, it was decided 
to check at least one gimbal to see how it compared to the design values. 
Because the roll gimbal has the largest values of friction and stiction, it was 
selected for verification. To determine the stiction or breakaway friction, 
the roll gimbal was put in the rate mode, the potentiometer and tachometer 
feedback loops were opened, and a signal of slowly increasing magnitude was 
applied to the input. This procedure was followed for about 30 runs with 
both positive and negative input voltages to determine the values for each 
direction of rotation of the gimbal. The resulting torques were calculated and 
averaged. To check the calculated values of friction and stiction, a dynometer 
was used to measure the two forces. Approximately 20 readings were taken 
for turning the gimbal in each direction and then the average of the readings 
was used to compute the friction and stiction. The readings obtained with the 
dynometer were taken with the hydraulic system off and with (i) the hydraulic 
fluid in the motors and (2) the hydraulic iluid pumped out of the motors. The 
results are summarized as follows: 


Condition 

Design 
Computed 
Dynometer (i) 
Dynometer (2) 


Stic ti op (N-m) 
± 678 

+ 610, - 316 
+ 309 

+ 149, - 156 


Friction (N-m) 
± 678 

+ 665, - 640 
+ 646 

+ 610, - 644 


The plus sign is for clockwise rotation of the gimbal as viewed from above and 
the minus sign is for counterclockwise rotation. The values of stiction vary 
considerably, but the values of the friction are very consistent and have good 
correspondence to the design values. In the STAMP operation, the importance 
of stiction is minimal because the noise in the hydraulic control system will 
act as a dither signal, effectively negating the stiction effect. In the math- 
ematical model of the STAMP, the design values of friction will be used and 
stiction will not be included. 


Parameter Sensitivity Test 

The frequency response tests for low-amplitude input signals indicated 
that a broader bandwidth for the STAMP would be desirable. In a linear 
system, the closed-loop poles of a system can be varied by adjusting the 
open-loop gain and thereby changing the system's bandwidth. A linear root 
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locus analysis of the STAMP servocontrol system, such as the one presented 
in Reference 6 for the linearized system shown in Figure 48, could not be applied 
because the STAMP is a complex nonlinear system. 

To determine the effect that parameters K , K , K. , and L (Fig. 48) 

Jr xv A JJ 

have on the system's dynamic range, a series of tests were run with different 
values of these parameters. Since there is a similarity in the nonlinearities 
in the STAMP'S axes, it was decided to investigate only the yaw axis. The 
test results of an input sinusoidal command signal of 0. 01 deg/s are given in 
Table 13 in terms of the amplitude of the resonant peak, M p , and the frequency 

of the resonant peak, co^. The bandwidth for these cases would be slightly 

larger than the frequency, co^. As given in Table 13, the frequency of the 

resonant peak, did not vary appreciably with a rather wide range of 

parameter values. In an experimental optimization procedure , smaller 
parameter values would have been incremented, but the objective in this 
investigation was to determine the range available by parameter adjustment. 
Larger variations occurred in the resonant peaks than in the bandwidths; how- 
ever, the most significant conclusion that can be drawn from the results of 
Table 13 is that the sensitivity of the STAMP to parameter variations, i. e. , 
component aging, etc. , is low. 


DISCUSSION 


The test results presented here provide a good indication of the 
STAMP'S capabilities. The frequency response plots give the dynamic 
characteristics of the system for a relatively wide range of input signal magni- 
tudes , thereby permitting an experimenter to determine if the STAMP will be 
responsive to his expected input signals. As noted in the frequency response 
section, responses below 0. 002 deg/s (7. 2 arc s/s) input for the steel plate 
case and 0. 005 deg/s (18 arc s/s) input for the CMG case were not run 
because the results from the Boonshaft analyzer were not consistent. This 
does not mean the STAMP response was inconsistent but that the command 
and response signals were too small (below 10 mV) for the Boonshaft to make 
an accurate analysis. As shown in the transient response data, the STAMP 
responds to much lower command signals. Frequency response data for 
command signals of 2. 5 and 5 deg/s can be found in Reference 1. The opera- 
tion of the STAMP has, therefore, been documented for command signals from 
0. 002 to 5 deg/s or for a 2500 to 1 operating range. 
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TABLE 13. PARAMETER SENSITIVITIES 




m p 

OJ 

d 

Yaw -Axis Parameter 

Gain 

(dB) 

(Hz) 

Position Feedback Gain - K p 

i.O 

3. 46 

0. 08 


0. 5 

1. 52 

0. 10 

Rate Feedback Gain - K p 

1. 5 

2. 92 

0. 08 

1. 0 

3. 46 

0. 08 


0. 67 

6. 24 

0. 10 

A Pressure Feedback Gain - K . 

2. 0 

2. 68 

0. 08 

A 

1. 0 

3. 46 

0. 08 


0. 5 

5. 26 

0. 08 

cl 

Hydraulic Leakage - L p 

0 

3. 46 

0. 08 

0. 05 

3. 56 

0. 10 


0. 5 

3. 36 

0. 08 


a. Corresponds to turns of the bypass valve. 
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Several of the system’s deficiencies are pinpointed, some of which 
may limit the uses to which the equipment can be applied; e. g. , the system's 
limited bandwidth to small amplitude signals could restrict the investigation of 
the Skylab's CMG attitude control system responses to body bending and 
astronaut disturbances within the spacecraft. The foregoing conclusion is 
based on the results of these tests and the results of a zero-g aircraft crew- 
motion experiment. 

The limit cycle that sporadically occurs in the sidereal axis (Fig. 33) 
could cause some difficulty when it is desired to maneuver the STAMP with 
low-level signals. The transient response data shown in Figures 27 through 
32 and Tables 5 and 6 were taken during a period when the limit cycle was not 
present in the sidereal response. For large-angle maneuvers, such as 1 deg, 
the limit cycle would probably cause no difficulty. 

The roll-axis tachometer gives an irregular response as shown in 
Figures 39 and 40. It may be possible to smooth the roll-axis response by 
installing hydraulic servomotors with integrally connected tachometers that 
provide a direct feedback signal to tjie servovalve. Reference 7 discusses 
a similar problem of irregular servosystem response and the solution to the 
problem using local tachometer feedback. This modification will present a design 
problem on selecting the proper tachometer signal to control the single servo- 
valve. Figure 48 shows the present tachometer or rate signal closed around 
the entire servoloop, not just the servovalve; connecting tachometers to the 
individual servomotors will add another feedback loop. 

The stiffness of the STAMP'S yaw axis does not meet the design speci- 
fications but how will this affect the actual application of the system ? In the 
limit cycle study [9] , a step disturbance of 6. 78 N-m, which is the expected 
peak gravity gradient torque, resulted in a periodic CMG torque output of 
81 N-m peak in the vehicle Y axis. The resulting average vehicle deflection 
in the Y axis was 36 arc s, which is a worst-case situation. A disturbance 
torque of 8i N-m in the STAMP'S yaw axis would result in a deflection of 15 
to 20 arc s. However, in a more realistic situation where the gravity gradient 
torque is applied gradually, not as a large-step function, the resulting CMG 
torques and the yaw-axis deflection will be less. For a gravity gradient step 
disturbance of 0. 678 N-m [8] in the vehicle X-axis, the resulting peak CMG 
torque was less than 10 N-m and the vehicle X-axis deflection was 20. 6 arc s. 

In the STAMP’S stiffness test, a torque of 10 N-m applied to the yaw axis did 
not result in any measurable deflection. Also, as mentioned earlier, the 
softness of the STAMP'S yaw axis would not adversely affect studies involving 
wide-angle maneuvers. Therefore, the softness of the yaw axis, while cer- 
tainly undesirable, does not appear to be a serious impediment to the utiliza- 
tion of the STAMP for many Skylab studies. 
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In summary, the STAMP'S performance should be more than adequate 
for the Skylab's CMG attitude control system equipment checkout. It should 
also be capable of providing useful data for large-angle maneuvers, for 
verification of momentum desaturation schemes , and for studies involving 
relatively small-angle maneuvers. It will not be suitable for extremely 
small-angle maneuvers at relatively high frequencies because of its limited 
bandwidth for small command signals; but these will probably occur only in 
limited situations. Correction of the deficiencies mentioned in this report 
would improve the STAMP'S performance, and some recommendations to 
achieve this objective are outlined. 

One nonlinear characteristic of the STAMP has been identified and 
simulated. A simulation of the effect of the actuator dead zone on the gimbal 
velocity and position outputs is shown in Figure 49. The correspondence 
between the simulation and the actual equipment can be observed by comparing 
the tachometer response of Figure 49 with the tachometer response of Figure 41. 
A dead-zone nonlinearity is being incorporated into the analog computer simu- 
lation of the STAMP'S servocontrol system. 


RECOMMENDATIONS 


The following actions can be taken to improve the performance of the 
STAMP: 

1. Rework or replace the PC boards for the digital encoders for all 

axes. 

2. Smooth the roll-axis tachometer response by installing hydraulic 
servomotors with integrally connected tachometers. 

3. Eliminate the limit cycle that occurs sporadically in the sidereal 
position response. This will be difficult because of the intermittent nature 
of the disturbance. As indicated earlier, the source of the limit cycle 
appears to be in the data link and Sigma-V combination. 

4. Stiffen the yaw axis to torque disturbances. This will be the most 
difficult action to accomplish. A suggestion has been made to counteract the 
disturbance torque by feeding forward into the hydraulic servosystem a 
signal, which is the measured value of the disturbance torque, taken from 
the TMF's. With a properly shaped TMF output signal, the hydraulic servo- 
system would receive a boost signal to maintain the desired platform 
orientation. 
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SIMULATED TACHOMETER SIMULATED POTENTIOMETER 

RESPONSE RESPONSE 

Figure 49. A simulation of nonlinear responses of the STAMP'S 
tachometers and potentiometers. 
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APPENDIX A. PHYSICAL CHARACTERISTICS OF THE STAMP 


Maximum Load: 

Position Range: 

Roll 

Yaw 

Sidereal 

Position Accuracy: 

Roll - maximum error 
Yaw - maximum error 
Sidereal - maximum error 

Command Signal Threshold: 

Servosystem Drift Rate: 

Rate Range: 

Rate trip relays are set at 15 deg/s 

Instrumentation : 

Tachometer resolution 
Potentiometer resolution 
Inductosyn resolution 

Tachometer Output: 

Roll 

Yaw 

Sidereal 


3175 kg 

±180 deg 
± 90 deg 
± 45 deg 

- 3. 2 arc s 

- 2. 9 arc s 

- 3. 5 arc s 

0.01 deg/hr 
1.8 arc s 


0. 036 arc s/s 
3 arc s 
0. 333 arc s 

154 mV/deg/s 
152 mV/deg/s 
86 mV/deg/s 
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Potentiometer Output: 

Roll 

Yaw 

Sidereal 

Hydraulic Supply Pressure 


50 mV/deg 
100 mV/deg 
100 mV/deg 

103. 4 bars gage 
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APPENDIX B. FREQUENCY RESPONSES FOR THE 
ROLL AND SIDEREAL AXES 




Figure B-l. Roll-axis frequency response for 0. 03 deg/s input signal, 
analog-position mode, steel plate case. 



Figure B-2. Roll-axis frequency response for 0. 1 deg/s input signal, 
analog-position mode, steel plate case. 
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Figure B-3. Roll-axis frequency response for 0. 5 deg/s input signal, 
analog-position mode, steel plate case. 



Figure B-4. Roll-axis frequency response for 0. 01 deg/s input signal, 
analog-position mode, CMG case. 


PHASE (deg) PHASE (deg) 






0.01 0.1 1.0 10.0 


FREQUENCY (Hz) 

Figure B-5. Boll -axis frequency response foivO. i deg/s input signal, 
analog-position mode , CMG case. 



o.oi o.i 1.0 10.0 


FREQUENCY (Hz) 

Figure B-6. Roll-axis frequency response for 0. 5 deg/s input signal, 
analog-position mode, CMG case. 
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PHASE (deg) PHASE (deg) 





Figure B-7. Roll -yaw-axis coupling amplitude frequency response for 
0. 5 deg/s input signal, analog-position mode, CMG case. 



Figure B-8. Roll -axis frequency response for 0. 01 deg/s input signal, 

digital mode, CMG case. 
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PHASE (deg) PHASE (deg) 








AMPLITUDE (dB) 



Figure B-li,. Sidereal -axis frequency response for 0. 01 deg/s input signal, 
analog-position mode, steel plate case. 


.*r 



Figure B-12. Sidereal-axis frequency response for 0. 05 deg/s input signal, 
analog-position mode, steel plate case. 
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PHASE (deg) PHASE (deg) 


AMPLITUDE (dB) .. AMPLITUDE (dB) 
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figure B-13. Sidereal-axis frequency response for 0. i deg/s input signal, 
analog-position mode, steel plate case. 


■niiisa ££■■■! 


PHASE 



FREQUENCY (Hz> 

Figure B-14. Sidereal-axis frequency response for 0. 5 deg/s input signal, 
analog-position mode, steel plate case. 
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PHASE (deg) PHASE (deg) 





AMPLITUDE (dB) AMPLITUDE (dB) 



Figure B-15. Sidereal-axis frequency response for 1. 0 deg/s input signal, 
analog-position mode, steel plate case. 



Figure B-16. Sidereal -axis frequency response for 0. 05 deg/s input signal, 

analog-position mode, CMG case. 
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PHASE (deg) PHASE (deg) 





0.01 0.1 1.0 10.0 

FREQUENCY (Hz) 


Figure B-17. Sidereal-axis frequency response for 0. 1 deg/s input signal, 
analog-position mode, CMG case. 



Figure B-18. Sidereal-axis frequency response for 0. 5 deg/s input signal, 

analog-position mode, CMG case. 
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PHASE (deg) 




Figure B-19. Sidereal -axis frequency response for 0. 05 deg/s input signal, 

digital mode, CMG case. 


*y 



Figure B-20. Sidereal -axis frequency response for 0. 1 deg/s input signal, 

digital mode, CMG case. 
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PHASE (deg) PHASE (deg) 







AMPLITUDE (d8) 



0.01 0.1 1.0 10.0 

FREQUENCY (Hz) 

Figure B-21. Sidereal-axis frequency response for 0. 5 deg/s input signal, 

digital mode, CMG case. 
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